Abstract. Hypoxia is known to promote malignant progression and to induce chemoresistance in cancer. However, the exact mechanisms driving hypoxia induced malignance remain elusive. We found that with exposure to hypoxic condition, hepatocellular carcinoma (HCC) cells experienced epithelialmesenchymal transition (EMT), with increased cell migration and invasion, and exhibited high resistance to chemotherapy. We demonstrated that hypoxia-induced EMT and chemoresistance were accompanied by increased HIF-1α expression and activation of Akt. HIF-1α could be blocked by PI3K inhibitor LY294002, indicating HIF-1α activation was regulated by PI3K/ Akt pathway. Furthermore, we showed that inhibition of PI3K/ Akt and HIF-1α enhanced the therapeutic efficacy of hypoxic chemotherapy in the HCC xenograft model. Our findings indicate that the activation of PI3K/Akt/HIF-1α pathway plays a critical role in mediating hypoxia-induced EMT and drug resistance leading to unfavorable treatment outcome. Our study provides novel insights into the malignant progression triggered by hypoxic microenvironment in HCC cells.
Introduction
Hepatocellular carcinoma (HCC), an epithelial cancer originating from hepatocytes, is one of the five most common malignancies and the third most frequent cause of cancer deaths in the world (1, 2) . The incidence of HCC has constantly increased in both Asian and Western countries in the last ten years (3) . Long-term prognosis of patients with HCC is generally poor, and survival is mainly affected by the occurrence of metastases and chemoresistance (4) . Currently, there is no effective systemic chemotherapy for this disease because tumor cells develop resistance to cytotoxic drugs such as cisplatin (5) .
Hypoxia is a common feature of rapidly growing solid tumors, including liver cancer, breast cancer, prostate cancer and pancreatic cancer (6) . Substantial evidence has shown that tumor hypoxia is an independent prognostic indicator of poor clinical outcome (7, 8) . Hypoxic tumor microenvironment plays a prominent role in the development of malignant phenotypes, including local invasion, distant metastasis and chemoresistance (9) (10) (11) .
Several studies have indicated that epithelial mesenchymal transition (EMT), a process vital for morphogenesis during embryonic development, is found in the most aggressive metastatic cancer (12) . A hallmark of EMT is loss of epithelial cell markers, including the cell adhesion protein, E-cadherin, and acquisition of mesenchymal markers, such as vimentin and N-cadherin. EMT is a key step leading to invasion and metastasis in solid tumors, including HCC (13) . In ovarian and breast cancer cells, tumor hypoxia increases Snail levels and decreases E-cadherin expression (14, 15) . These studies suggest a relationship between tumor hypoxia and EMT. It has been also proposed that the hypoxic tumor microenvironment plays an important role in the induction of chemoresistance (16) . Multidrug resistance (MDR1) gene product P-glycoprotein (P-gp), an Mr 170,000 transmembrane protein associated with tumor resistance to chemotherapeutics, is also induced by hypoxia (17) . However, the molecular mechanisms that relay the hypoxia signal into EMT and chemoresistance are still largely elusive.
In the present study, we demonstrated that hypoxia induce diverse molecular, phenotypic, and functional changes in HCC cells that are in line with EMT. Furthermore, we investigated the involvement of PI3K/Akt, HIF-1α, and MDR1 in hypoxiainduced cisplatin resistance in HCC. Finally, we evaluated the therapeutic efficacy of HIF-1α blockade combined with chemotherapy in an in vivo nude mouse HCC model.
Materials and methods

Preparation of chemicals.
The phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 was purchased from Cell Signaling Technology (CST, Danvers, MA, USA). The HIF-1α inhibitor YC-1 and cisplatin were obtained from Sigma-Aldrich (Sigma, St. Louis, MO, USA).
Cell culture and hypoxic treatment. Human HCC cell line HepG2 (ATCC, Manassas, VA, USA) was maintained in highglucose DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Life Technologies) and 100 mg/ml penicillin and 50 µg/ml streptomycin at 37˚C in a humidified 5% CO 2 atmosphere. For hypoxic exposure, the cells of the logarithmic growth phase were placed in an anaerobic incubator (the oxygen concentration was adjusted to 1.0% with 5% CO 2 and 94% N 2 ).
HIF-1α siRNA transfection. Small interfering RNA (siRNA) against human HIF-1α was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HepG2 cells were seeded into a 6-well culture plate and allowed to reach 50-60% confluency prior to transfection. Cells were transfected with HIF-1α siRNA (75 nM) using Xfect transfection reagent (Clontech, Mountain View, CA) in hypoxia or normoxia as described in the text. Control cells were treated with transfection reagent and scramble siRNA only. All experiments were performed at least twice in triplicate.
Western blotting. Equal amounts of protein (30 µg) were separated in 10% SDS-PAGE and transferred to nitrocellulose membrane. After blocking with 5% non-fat dry milk in PBS containing 0.2% Tween-20, membranes were incubated at 4˚C overnight with primary antibody, including primary antibodies against MDR1 (1:400), E-cadherin (1:200), N-cadherin (1:200), vimentin (1:1000), HIF-1α (1:400), Akt (1:400), p-Akt (Ser473) (1:400) and β-actin (1:1000). All these primary antibodies were obtained from Santa Cruz. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (Sigma) for 2 h. ECL reagent (GE Healthcare, NJ, USA) was used for protein detection.
In vitro migration and invasion assay. Cell migration was studied using 6.5 mm Transwell chambers with 8 µm pores (Corning, NY, USA). Cells were trypsinized and resuspended in high-glucose DMEM with 0.5% bovine serum albumin. A total of 10 5 cells in 0.3 ml media were plated in the upper chambers in duplicate filters. DMEM medium with 10% FBS was used as a chemoattractant in the lower chamber. Cells were allowed to migrate in normoxia or hypoxia. After 12 h, 24 h and 48 h, the non-migrating cells were removed from the upper surface of each Transwell by a cotton swab. Transwell membranes were then stained with crystal violet. Cells that migrated through the membrane to the lower surface were counted by light microscopy. To study cell invasion, the upper chambers were coated with ECM gel (BD Biosciences, USA). FBS was added to the lower chamber as described for the cell migration experiments. ECM invasion was allowed to progress for 12 h, 24 h and 48 h in normoxia or hypoxia. The ECM gel and cells on the top membrane surface were removed with a cotton swab. Penetration of cells to the underside of the membrane was determined as described for the cell migration experiments. All experiments were performed at least twice in triplicate.
Cell viability assay. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. HepG2 cells were seeded in triplicate at a concentration of 1x10 5 cells per well on a 96-well plate and cultured under normoxia. Twenty-four hours later cells were treated with different concentrations of cisplatin (0, 0.01, 0.1, 1, 5, 10, 12.5, 25, 50 and 100 µM) under hypoxia or normoxia. After 48 h, MTT assay was performed. MTT stock solution (20 µl) (5 mg/ml in PBS, Sigma-Aldrich) was added to each well followed by incubation for 4 h at 37˚C. The formazan crystals were dissolved in 200 µl of DMSO. Optical density values (OD) were determined at wavelength 570 nm. Each assay was performed three times and the average results were calculated.
Cell apoptosis assay. HepG2 cells were seeded into 100 mm dishes and grown to 70% confluence. Then cells were treated with 20 µmol/l cisplatin for 48 h under hypoxia or normoxia. The cells were collected by digestion with EDTA-free trypsin. The cell pellet was washed with cold PBS twice and 1-5x10 5 cells were resuspended in 250 µl Annexin V binding buffer (10 mM Hepes pH 7.4, 150 mM NaCl, 2.5 nM CaCl 2 , 1 mM MgCl 2 and 4% BSA). Next, the cells were stained with Annexin V FITC and propidium iodide (PI) for 15 min in the dark and subjected to flow cytometry analysis within 1 h.
Tumor growth in xenograft mice. For establishing a hepatocarcinoma xenograft tumor model, the viable HepG2 cells (2.0x10 6 cells in 0.2 ml of serum-free DMEM medium) were injected subcutaneously into the flanks of 6-weeks old male BALB/c nude mice. Tumor size was measured in three dimensions every two days, and the tumor volume was calculated by the formula: largest diameter x (smallest diameter) 2 x 0.5. Animal experiments were approved by the Institutional Animal Care and Use Committee and conducted in accordance with Institutional guidelines. When the tumors reached a mean size of about 200 mm 3 , the treatment was initiated. The sufficient dosage of cisplatin was determined by initial in vitro experiment. HepG2 xenograft BALB/c nude mice were randomly separated into four groups (eight mice in each group, n=8): (a) twice weekly intraperitoneal (i.p.) injection of cisplatin (4 mg/kg) alone, (b) twice weekly i.p. injection of both cisplatin (4 mg/kg) and YC-1 (30 mg/kg), (c) twice weekly i.p. injection of both cisplatin (4 mg/kg) and LY294002 (75 mg/kg), and (d) twice weekly i.p. injection of DMSO as control. All groups were treated for 8 weeks. Tumor volume was calculated as in the initial experiment. Treated mice were closely monitored for any signs of progressive disease and sacrificed if they became moribund. Tumors were measured every two days.
Statistical analysis. All results are expressed as the mean ± SEM. The data were analyzed using one-way factorial analysis of variance (ANOVA) with Student t-tests for comparisons between the means. The potential of cisplatin, YC-1 and LY294002 for inhibition of in vivo tumor growth was analyzed using Tukey's HSD test. The level of significance was set at the P<0.05. In the survival model, the Kaplan-Meier method was used to analyze survival times and log-rank tests were done for the purpose of comparison. Statistical analysis was carried out using SPSS software (SPSS, Inc., Chicago, IL.)
Results
Induction of EMT in HCC cells by hypoxia.
Hypoxia-induced EMT transformation was investigated by examining the morphologic changes, EMT-related marker and functional changes. We cultured HepG2 cells in normoxic (21% O 2 ) or hypoxic conditions (1% O 2 ). Firstly, we analyzed the cell plasticity. As shown in Fig. 1A , after a 48 h hypoxia exposure, HepG2 cells, which typically look like epithelia with well-developed cell junctions, acquired a spindle shape and generally lost cell-cell contact. To confirm the EMT transformation, we assessed the expression of EMT-related markers, such as E-cadherin, vimentin and N-cadherin. As shown in Fig. 1B , after 48 h in hypoxia, the E-cadherin protein level significantly decreased when compared with that in normoxia (P<0.05). However, the vimentin and N-cadherin level was significantly higher in hypoxia than that in normoxia (P<0.05). EMT is thought to promote cancer cell migration and invasion. Therefore, the cell migration and invasion ability were analyzed using a Transwell chamber. As shown in Fig. 1C , migration was increased 1.47±0.32-fold at 24 h and 2.36±0.12-fold at 48 h (P<0.05) in hypoxia. Similarly, as shown in Fig. 1D , the in vitro invasion ability of HepG2 cells was increased 1.68±0.21-fold and 2.21±0.16-fold respectively at 24 h, 48 h in hypoxic condition (P<0.05). These results suggest that hypoxic stimulus induces EMT and promotes the invasive phenotype of HepG2 cells. 
Hypoxia potentiates chemoresistance to cisplatin in HCC cells.
The apoptosis was detected by Annexin V staining. As shown in Fig. 2A and B , the results showed that the number of apoptotic cells induced by 20 µmol/l cisplatin was significantly decreased from 65.5% to 40.2% under hypoxic condition for 48 h (P<0.05). The effect of cisplatin on the growth of HCC cells were also Compared with cells exposed to normoxia, the IC 50 value of HepG2 exposed to hypoxia was 2.16-fold higher for cisplatin. Western blotting was used to quantify the expression of MDR1 gene, which is reportedly to be associated with chemoresistance of tumor cells. Indeed, HepG2 cells showed a significant increase of MDR1 expression under hypoxia (Fig. 2D) .
HIF-1α contributes to EMT and chemoresistance induced by hypoxia.
The HIF-1α is a key mediator of cellular adaptation to hypoxia. To identify whether HIF-1α plays a critical role during EMT and chemoresistance induced by hypoxia, we performed knockdown or blockage of HIF-1α expression in hypoxic condition by using 75 nM HIF-1α siRNA or 10 µmol/l YC-1 (an inhibitor against HIF-1α), and investigated the reversal of EMT and the sensitivity to cisplatin of HepG2 cells under hypoxia. As shown in Fig. 3A , HIF-1α expression significantly increased under hypoxia compared with normoxia. Under hypoxic condition, HIF-1α expression significantly decreased by HIF-1α siRNA at 48 h after transient transfection, as shown in Fig.  3B . E-cadherin expression increased and vimentin expression decreased following downregulation of HIF-1α. Similarly, E-cadherin expression increased and vimentin expression decreased when HepG2 cells were treated with 10 µmol/l YC-1 for 48 h under normoxia and hypoxia (Fig. 3C) . As shown in Fig. 3D and E, the stimulatory effect of hypoxia for HepG2 cell migration and invasion was abolished by knockdown of HIF-1α. Furthermore, we also found that knockdown of HIF-1α by HIF-1α siRNA led to a remarkable increase in sensitivity to cisplatin of HepG2 cells. Such treatment in hypoxia provided a synergistic effect of HIF-1α inhibition and cisplatin, leading to a 24.7% increase in cell apoptosis rate (Fig. 4A and B) . At the same time, we found that under hypoxic condition, the depletion of HIF-1α by HIF-1α siRNA significantly decreased the expression of MDR1 (Fig. 4C) . Those data showed that HIF-1α may play a prominent role in cell invasion and chemoresistance to cisplatin by induction of EMT and MDR1 gene expression under hypoxia.
PI3K/AKT signaling contributes to hypoxia-induced HIF-1α
activation. EMT is a dynamic process triggered by microenvironment stimuli. Several cell signaling factors have been implicated in EMT, including PI3K/Akt, β-catenin and MAPK (15, (18) (19) (20) . Here, we investigated the role of PI3K/Akt in hypoxia-induced EMT. As shown in Fig. 5A , when HepG2 cells were cultured in hypoxia for 48 h, the level of phosphorylated Akt (p-Akt) was substantially increased. At the same time, HIF-1α expression was increased at the protein level. This indicated that hypoxia increased both HIF-1α and p-Akt expression levels. Furthermore, we examined whether PI3K/Akt signaling pathway is responsible for hypoxia-induced increase of HIF-1α in HepG2 cells. The cells were treated with 10 µmol/l LY294002 (a PI3K inhibitor) for 48 h under hypoxia. The result showed that LY294002 remarkably inhibited the increase of HIF-1α in HepG2 cells cultured in hypoxic condition (Fig. 5C ). These data clearly indicated that PI3K/Akt signaling is an upstream regulator of HIF-1α in HepG2 cells under hypoxic condition.
Inhibition of PI3K/AKT/HIF-1α enhanced the chemotherapy efficacy of cisplatin in vivo.
To explore whether blockade of HIF-1α activity enhanced cisplatin-induced cytotoxicity in vivo, we employed an HCC subcutaneous xenograft model. A notable smaller tumor volume and prolongation of animal survival were observed in the two groups treated with both cisplatin and YC1 or LY294002, respectively. At 21 days, the mean tumor volume was 625.2±159.3 mm 3 in the cisplatin group (n=8), significantly smaller than that in the control group (1180.2±105.2 mm 3 ; P<0.05). Furthermore, cisplatin combined with YC-1 (n=8) and LY294002 (n=8) treatment produced reductions in tumor volume, which were 312.6±38.3 mm 3 and 280.2±45.9 mm 3 , respectively, a significant antitumor effect compared with single treatment with cisplatin or with control (P<0.05; Fig.  6A and B) . The median survival time of the sham control group was 28.0 days and cisplatin alone group was 45.5 days, while cisplatin combined with YC-1 or LY294002 prolonged animal survival, producing a median survival time of 70.0 and 66.5 days, respectively (Fig. 6C) . These results indicated such treatment in mice with pre-existing HepG2 tumors provided a synergistic effect of cisplatin and PI3K/AKT and HIF-1α inhibition, leading to enhanced inhibition of tumor growth and increase of the survival rate.
Discussion
Hypoxia generally develops in solid tumors, because of rapid cell proliferation that exceed the rate of blood vessel formation. The increase in tumor mass results in aberrant vasculature formation, which reduces the blood supply (21) . Cellular adaptations to hypoxia include changes in cell signaling and gene expression, which promote not only cell survival, but also cell invasion and resistance to chemotherapy (22) . Therefore, it is extremely important to clarify the comprehensive effects of hypoxia on cancer cell physiology; meanwhile, it is also important to identify specific signaling molecules that can be targeted to eliminate the adverse effects of hypoxia in cancer. Here, we showed that under hypoxic condition, PI3K/Akt-mediated HIF-1α expression plays a critical role in hypoxia-induced EMT, migration, invasion, and chemoresistance in HCC cells. Our study provides insight into the malignant progression triggered by hypoxic microenvironment in HCC cells.
Firstly, our study indicates that HIF-1α-induced EMT is critical for hypoxia-initiated cell migration and invasion in HCC. EMT, a process vital for morphogenesis during embryonic development, was first recognized as a feature of embryogenesis in the early 1980s (12, 23) . Currently, it has been generally accepted that EMT plays a critical role in a number of pathological states including cancer metastasis and chronic degenerative fibrosis (24) (25) (26) . Increasing evidence has shown that EMT promotes tumor progression and metastasis in many solid tumors, in which an important feature is hypoxia. In ovarian carcinoma, breast cancer and renal cell carcinoma, hypoxia induced EMT, which in turn speed the malignant progression (14, 15, 27) . In this study, we demonstrated that hypoxia induces EMT in HCC cells. It is known that HIF-1α is a critical regulator of cellular and systemic responses to low oxygen levels (28) . Our results further confirm the essential role of HIF-1α to induce EMT under hypoxic microenvironment. For the unresectable HCC, transarterial chemoembolization (TACE) is an alternative to conventional therapies (29) . However, this treatment induces a hypoxic microenvironment for residual tumor cells, leading to the activation of hypoxia-induced survival signaling, which contribute to the post-treatment metastasis and drug resistance (30) . Our study indicates that HIF-1α-induced EMT is critical for hypoxia-initiated cell migration and invasion in HCC, which also provides the experimental evidence for the unfavorable outcome of few patients after TACE treatment.
Secondly, our study also suggests that HIF-1α mediates hypoxia-induced cisplatin resistance in HCC cells. Tumor cells surviving under hypoxic conditions commonly become resistant to radiotherapy and chemotherapy (31) . In vitro studies have shown that amplification and overexpression of MDR gene, such as MDR1, in cancer cells confer high resistance to many chemotherapy drugs, such as vinca alkaloids, anthracyclines, taxanes, and epipodophyllotoxins (32) . In this study, blocking hypoxia-inducible pathways by small interfering RNA against HIF-1α can recover the chemosensitivity of HCC cells, which were formerly resistance to cisplatin owing to hypoxic exposure. Mechanistically, MDR1 expression was regulated by HIF-1α under hypoxia. This suggests that HIF-1α-mediated MDR expression is one possible mechanism for cisplatin resistance in HCC cells under hypoxia.
Thirdly, our study reveals a mechanism of HIF-1α regulation by PI3K/Akt-dependent cell signaling in the process of hypoxia-induced EMT and chemoresistance in HCC cells. Akt could induce HIF-1α transcriptional activity, leading to HIF-1α translocation to the nucleus, and then triggered the cascade for survival and progression (33, 34) . In the present study, we found that hypoxia induced EMT is accompanied by the activation of PI3K/Akt signaling pathway. Inhibition of PI3K by LY294002 decreases HIF-1α expression. Similar to our finding, one recent report showed that the Akt activation increases the expression of HIF-1α in colorectal carcinoma (35) . Collectively, our study provides evidence that the PI3K/Akt/HIF-1α pathway is important in promoting HCC malignant progression and protecting HCC cells from the cytotoxic effects of cisplatin under hypoxic conditions. Consistently, inhibition of this pathway activity enhanced the therapeutic efficacy of chemotherapy and extended the survival in a mouse HCC model.
In summary, our data suggest that PI3K/Akt and HIF-1α activation after hypoxia plays an essential role in hypoxia-induced EMT and drug resistance, leading to unfavorable treatment outcome. Therefore, a combination strategy of chemotherapy with PI3K/Akt and HIF-1α blockade will shed light on the enhancement of therapeutic efficacy of chemotherapy for HCC treatment. Our study not only reveals a critical mechanism underlying hypoxia-induced metastasis and chemoresistance but also provides important implications in the development of novel treatment strategies for metastatic cancers.
